Lineage specification during development involves reprogramming of transcriptional states, but little is known about how this is regulated in vivo. The chromatin remodeler chomodomain helicase DNA-binding protein 1 (Chd1) promotes an elevated transcriptional output in mouse embryonic stem cells. Here we report that endothelial-specific deletion of Chd1 leads to loss of definitive hematopoietic progenitors, anemia, and lethality by embryonic day (E)15.5. Mutant embryos contain normal numbers of E10.5 intraaortic hematopoietic clusters that express Runx1 and Kit, but these clusters undergo apoptosis and fail to mature into blood lineages in vivo and in vitro. Hematopoietic progenitors emerging from the aorta have an elevated transcriptional output relative to structural endothelium, and this elevation is Chd1-dependent. In contrast, hematopoietic-specific deletion of Chd1 using Vav-Cre has no apparent phenotype. Our results reveal a new paradigm of regulation of a developmental transition by elevation of global transcriptional output that is critical for hemogenesis and may play roles in other contexts.
hemogenic endothelium | endothelial-to-hematopoietic transition | definitive hematopoiesis | transcription | Chd1 H ematopoiesis occurs in successive waves and in distinct regions of the embryo during vertebrate development (1, 2) . Primitive hematopoiesis begins in the extraembryonic yolk sac at embryonic day (E)7.0 and consists primarily of primitive erythroid cells (3) . These progenitors begin to circulate upon the onset of cardiovascular function, migrating to the developing fetal liver (FL) to support early embryonic development via primitive erythropoiesis (4) . Definitive hematopoietic stem cells, which have the ability to self-renew and reconstitute all blood lineages in adult recipients, arise from the hemogenic endothelium at various vascular sites beginning around E10 (5-7). These sites include the aorta-gonadmesonephros (AGM), umbilical and vitelline arteries, and placenta, among others (8, 9) . The endothelial-to-hematopoietic transition (EHT) is best-characterized in the AGM, where clusters of hematopoietic stem and progenitor cells (HSPCs) have been observed to emerge from the ventral wall of the dorsal aorta (10) (11) (12) . The molecular regulation of this remarkable developmental transition is poorly understood, but would likely involve a resetting of the transcriptional program of the endothelium to that of hematopoietic progenitors. In agreement with this notion, the transcription factors Runx1 (7) and Gata2 (13) have been shown to be critical for this transition. It remains unclear what gene expression programs these transcription factors regulate, and whether chromatin regulators also play a role in this transition.
Chromodomain helicase DNA-binding protein 1 (Chd1) is an ATP-dependent chromatin-remodeling enzyme that binds specifically to di-and trimethylated H3K4 (14) and is associated with actively transcribed genes. Chd1 has been linked to various transcription-related processes, including regulation of nucleosome positioning at the 5′ end of transcribed genes (15, 16) , suppression of cryptic transcription (17, 18) , transcriptional elongation (17, 19, 20) , and coupling of transcription with splicing (21) . We have previously described Chd1 as a gene up-regulated in multiple mouse stem and progenitor cell types (22, 23) . We subsequently showed that Chd1 binding correlates with H3K4me3 and RNA polymerase II binding at transcriptional start sites in mouse embryonic stem (ES) cells, and that Chd1 regulates ES cell selfrenewal and reprogramming efficiency in induced pluripotent stem cells (24) . Moreover, we recently found that Chd1 promotes an elevated transcriptional output by RNA polymerases I and II, and is required for the survival and growth of the E5.5 epiblast (25) .
In this study, we investigated the role of Chd1 in the endothelial-to-hematopoietic transition. We report that endothelialspecific deletion of a conditional Chd1 allele using Tie2-Cre results in a block in definitive hematopoiesis. Lack of Chd1 in endothelial cells results in embryonic lethality by E15.5 due to a complete failure of definitive erythropoiesis, and subsequent anemia that is incompatible with development to term. We further show that, although intraaortic hematopoietic clusters develop in the mutant AGM at E10.5 at a normal frequency and express intermediate markers of differentiation, these clusters do
Significance
Adult hematopoietic stem and progenitor cells (HSPCs) develop from a small number of specialized endothelial cells in the embryo. Very little is known about how this process, known as the endothelial-to-hematopoietic transition, is regulated. In this paper, we used mouse genetic knockout models to establish Chd1 as the first chromatin remodeler, to our knowledge, shown to regulate this transition. Chd1 is not required in the endothelium prior to the transition, nor in the blood system after the transition. We found that the emergence of HSPCs involves an increase in total nascent transcription that is dependent on Chd1. These results reveal a new paradigm of regulation of a developmental transition by modulation of transcriptional output that may be relevant in other stem/ progenitor cell contexts.
not mature into blood lineage cells in vitro or in vivo. The transcriptome of the mutant endothelium is largely unchanged but lacks activation of a set of genes highly enriched for hematopoietic and growth functions. Interestingly, we found that emerging hematopoietic progenitors undergo an elevation in global transcriptional output that is dependent on Chd1. On the other hand, deletion of Chd1 specifically in hematopoietic cells using Vav-Cre has no phenotype, indicating that Chd1 is not required for hematopoietic survival or function after the endothelial-to-hematopoietic transition. Taken together, these results define a narrow but critical window in which a Chd1-driven elevation in transcriptional output is essential for the developmental transition from endothelium to definitive hematopoiesis in the mouse embryo.
Results

Endothelial-Specific Deletion of Chd1 Results in Embryonic Lethality.
Given the difficulty in using commercial antibodies to detect Chd1 by immunostaining, we assessed Chd1 expression using a mouse line carrying a β-galactosidase reporter knocked into the endogenous Chd1 locus (Chd1 LacZ ) (25) . These results revealed that Chd1 is broadly although not uniformly expressed at midgestation (Fig. S1A) . The expression of Chd1 is higher in mesodermal tissues, with low to undetectable expression in the neural tube and intestinal epithelium. In particular, we noticed that Chd1 is expressed in endothelial cells throughout the embryo, including the lung vasculature, the intramedullary blood vessels of the spinal cord, and the ductus venosus in the FL (Fig. S1B) . We therefore sought to assess the potential role of Chd1 in the endothelium and its derivatives.
Chd1 −/− embryos arrest at E5.5-6.5 due to a defect in epiblast survival and proliferation (25) , necessitating the use of a conditional gene deletion strategy to assess the roles of Chd1 postgastrulation. Mice carrying a floxed allele of Chd1 (Chd1 flox/flox ) (25) were crossed to a transgenic mouse line that expresses Cre recombinase under the control of the Tie2 promoter (Tie2-Cre; Fig. S2A ), so as to delete Chd1 specifically in the endothelium (26) . To verify the recombination efficiency of Tie2-Cre, we included in our breeding scheme a Cre reporter allele, Ai14 (27) . This reporter consists of a red fluorescent protein, tdTomato (tdT), under a ubiquitous CAG promoter, inserted in the Rosa26 locus, and preceded by a loxP-flanked STOP cassette. We achieved a high percentage of recombination within the endothelium population (CD31 + ) with Tie2-Cre, with 76% of E9.5 (n = 28) and 84% of E10.5 (n = 27) CD31 + cells expressing tdTomato (Fig. S2B) . Mutant embryos carry the Tie2-Cre; Chd1 flox/-genotype, and the loss of Chd1 in these embryos was validated using quantitative (q)RT-PCR and microarrays: The levels of Chd1 in CD31 + tdTomato + mutant endothelial cells are reduced to 25.1% of heterozygous controls at E9.5, and reach 12.2% in E11.5 ( Fig. S2 C and D and see below). As controls, we use Tie2-Cre; Chd1 flox/+ embryos (CreHet), in which Cre induces a heterozygous state for Chd1 in the endothelium. There is no significant difference in recombination efficiency between CreHet control and mutant embryos (Fig. S2B) . Embryos at E11.5 display extensive recombination and red fluorescence in the endothelium throughout the embryo and in the yolk sac as expected (Fig. S2 E and F) .
Chd1 mutant pups cannot be recovered at birth, indicating that Chd1 plays an essential role in the endothelium (n = 123 pups from 23 litters, P < 0.0001, χ 2 test) ( Table 1) . CD31 immunostaining of E10.5 yolk sac reveals similar branching of blood vessels between mutants and controls ( Fig. S2F) , suggesting that early endothelial patterning is not affected by the loss of Chd1. In addition, mutants at E13.5 have normal beating hearts (Movie S1) and no discernible defects in the development of the four chambers (Fig. S3A) , indicating that heart development is unaffected by endothelial Chd1 ablation. Mutant embryos are morphologically distinguishable at E13.5 from littermate controls, appearing paler and exhibiting hemorrhage and edema (Fig. 1A) . By E15.5, most mutant embryos are resorbed (n = 60 embryos from 9 litters, P = 0.021, χ 2 test). Hemorrhage and edema are characteristic of lymphatic defects, and we verified that the prominent bilateral hemorrhage around the forelimbs in E13.5 mutant embryos is a result of blood accumulation in dilated jugular lymph sacs and other lymphatic vessels (Fig. S4) . Unlike endothelial Chd1 mutants, embryos with mutations that disrupt the blood-lymphatic separation survive to the perinatal period (28) (29) (30) (31) (32) . Moreover, mutations in regulators of the EHT, such as Runx1 (33), Gata2 (34), and β-catenin (35), display lymphatic phenotypes similar to those seen in Chd1 mutants. This is likely due to a requirement of intact platelet function for proper separation of blood and lymphatic circulatory systems (31) . Therefore, we conclude that the lymphatic system defects are not the primary cause of lethality of Chd1 mutants, and may be secondary to a role in hemogenesis.
Endothelial Chd1 Mutants Die from Severe Anemia. Mutant embryos at E11.5 show no signs of the edema and hemorrhage typical of lymphatic defects, but already tend to be paler than controls, particularly in the yolk sac (Fig. S3B ). Because the FL is a major erythropoietic organ from E10 until shortly before birth (4), we isolated FLs from E13.5 embryos. Mutant E13.5 FLs are significantly paler and smaller compared with those of littermate controls (Fig. 1B) . The cellularity of mutant FLs is reduced to about 18% of the level of CreHets [an average of 1.6 × 10 6 cells in mutants (n = 8), relative to an average of 8.8 × 10 6 cells in CreHets (n = 9), P < 0.0001] (Fig. 1C) (n = 18, P < 0.0001) ( Fig. 1 D and E) . FLs harvested from E11.5 embryos have a similar reduction in Kit + cells, indicating that blood progenitors are reduced as early as E11.5 ( Fig. 1 D and E) .
To functionally test for FL erythropoietic activity, we evaluated E13.5 FL using colony-forming unit-erythroid (CFU-E) assays by seeding equal numbers of FL cells into methylcellulose containing only erythropoietin. CFU-Es are reduced in mutants to 28.5% of the level in CreHets (n = 9 mutants vs. n = 14 CreHets, P < 0.0001; Fig. 2A ). This decrease prompted us to evaluate immature erythroid progenitors (burst-forming unit-erythroid; BFU-E) using additional growth-promoting cytokines (IL-3, IL-6, and SCF/Kitl). BFU-Es are greatly reduced in mutants, to 32.1% of the level in CreHets (n = 12 mutants vs. n = 12 CreHets, P < 0.0001; Fig. 2B ). In contrast, we did not observe significant differences between mutants and CreHets in the number of These results indicate that Chd1 mutant FLs are not only greatly reduced in total cell number but are also depleted of erythroid progenitor cells when equal numbers of cells are assessed.
To determine the cause of the reduced erythroid population, we examined the cell-cycle profile of E13.5 FL cells by the incorporation of 5-ethynyl-2′-deoxyuridine (EdU). Whereas almost half of the cells in control FLs are in S phase (47.8%, n = 11), only 18% of the cells in mutant FLs (n = 3) are in S phase, indicating a reduced proliferation capacity in the mutants ( Fig. 2 E and F) . To determine whether the remaining erythrocytes present in the E13.5 mutant FL are predominantly of the primitive or definitive lineage, we conducted qRT-PCR for globin genes that are differentially expressed between the two lineages (38) . We found that mutant Ter119
+ erythrocytes had higher levels of primitive globin expression (ζ-globin, eγ-globin, and βH1-globin) and reduced expression of β1-globin, which is associated with definitive erythrocytes (Fig. 2G ). This result indicates that mutants have a higher ratio of primitive to definitive Ter119 + erythrocytes in the FL compared with CreHet controls, although we cannot exclude that primitive and definitive globins are coexpressed in the same cells in the mutants. Taken together with the dramatic reduction in cellularity of the Chd1 mutant FL (Fig. 1C) , these results lead us to conclude that endothelial Chd1 mutants experience anemia due to a failure in definitive erythropoiesis.
Definitive Hematopoiesis Is Impaired in Chd1 Mutants. The strong reductions in total FL cellularity and erythropoiesis in the mutants led us to explore potential defects in hematopoietic progenitors. We found that the percentage of Ter119 -Kit + Sca1 + HSPCs is reduced by threefold in E13.5 mutant FLs, from 3% in CreHets (n = 8) to 0.9% in mutants (n = 18, P < 0.0001) (Fig. 3 A and B) .
Importantly, this reduction in HSPCs is present as early as E11.5, where control FLs had 1.7% Ter119 -Kit + Sca1 + HSPCs (n = 10) compared with 0.4% in mutants (n = 15, P < 0.0001) (Fig. 3 A and  B) . Thus, HSPCs are reduced in endothelial Chd1 mutants, both in absolute number and relative frequency.
Whereas the FL is the site of HSPC expansion and differentiation, the endothelium of the AGM at E10.5 is a source of definitive hematopoietic progenitors via an endothelial-tohematopoietic transition (39) . To determine whether the depletion of HSPCs in the FL can be traced back to defective AGM hematopoiesis, we assessed the emergence of intraaortic hematopoietic clusters in E10.5 AGMs. Confocal imaging of mutant AGMs revealed the presence of intraaortic clusters that express known HSPC markers Runx1 (n = 4) and Kit (n = 2) (Fig. 4A  and Fig. S5 ). Mutants also had no significant difference in the number of hematopoietic clusters compared with CreHets ( Fig.  5B ; n = 6). These data suggest that Chd1-deficient hemogenic endothelium is capable of forming hematopoietic clusters in the AGM. However, hematopoietic clusters in mutant AGMs show signs of apoptosis, as indicated by staining for cleaved caspase 3, which was not detected in any of the clusters examined in CreHet AGMs (Fig. 5C ). To determine whether the apoptosis seen in mutant hematopoietic clusters could affect the maturation of hemogenic endothelium into HSPCs, we examined E11.5 AGM CD31
+ endothelial cells for hemogenic activity. Flow analyses revealed that the proportion of Kit + CD45 -cells (early cluster cell markers) within the CD31 + endothelial population in the AGM at E11.5 is similar between mutants and CreHet controls. However, there is a significant reduction in Kit + CD45 + cells (HSPC markers) in the mutants compared with CreHet controls (Fig. 4 D and E) , suggesting a potential failure in the maturation to CD45
+ HSPCs in Chd1 endothelial mutants. To functionally assess the EHT potential in the mutants, we evaluated the ability of E10.5 AGMs to differentiate into myeloid and lymphoid cells in vitro. Methylcellulose colony assays revealed that mutant AGMs yield an average of 24.9 colonies (n = 8) vs. 142.7 colonies in CreHets (n = 6) (Fig. 4F) , indicating that mutants have more than fivefold reduction in myeloid potential than CreHets. To test for lymphoid lineage differentiation potential, we cultured E10.5 AGMs on OP9-DL1 stromal cells, which have previously been shown to support T-lymphocyte differentiation in vitro (40) . Whereas AGMs taken from CreHet embryos can differentiate into CD45 + TCRβ + T lymphocytes in vitro, mutant AGMs are strongly impaired in the generation of CD45 + blood cells in this culture system (Fig. 4G ), in agreement with data in vivo (Fig. 4 D and E) , and do not show evidence of TCRβ expression (Fig. 4H) . Taken together, these results indicate that the endothelial-to-hematopoietic transition is initiated in the mutant AGM but that the maturation into HSPCs is defective, resulting in hemogenic clusters that undergo apoptosis.
Transcriptional Profiling of the Chd1 Mutant Endothelium Reveals an
Early Loss of the Hematopoietic Program. To assess the transcriptional consequences of Chd1 loss in endothelial cells, we conducted global gene expression analyses of CD31 + endothelial cells isolated from whole E10.5 embryos. Four biological replicates each of CreHet and mutant E10.5 CD31
+ tdTomato + cells were processed for microarray analyses. We found that only a small number of genes are affected in the mutants: 196 genes, at P < 0.01 and a log2 fold change of 0.4 or more ( Fig. 5A and Dataset S1). Thus, the vast majority of the transcriptional program of the E10.5 endothelium is unaffected in the mutants. Significantly more genes are down-regulated (156 genes) than up-regulated (40 genes) in the mutant endothelium (Fig. 5B) , consistent with previous reports that mouse Chd1 associates with the promoters of active genes and serves as a positive regulator of transcription (24, 25) . Gene ontology analysis revealed that the set of genes downregulated in the mutants is remarkably enriched for functions in hematopoiesis and the immune system (Fig. 5 C and D) . We analyzed this dataset further using an unbiased gene set enrichment analysis (GSEA) (41) and observed similar enrichments for immune-related functions (Fig. S6A) . In addition, we identified very significant enrichments for genes regulated by Gata2 and Runx1-Runx1t1 (Fig. S6 B and C) , and both of these transcription factors are key regulators of the emergence of HSPCs (7, 13) .
Our results are in agreement with three recent studies showing that the emergence of HSPCs is regulated by an immune/ inflammatory response (42) (43) (44) . In one of the studies, Li and colleagues carried out expression profiling of CD31 + Cdh5 + Esam + Ly6a-GFP + Kit + hematopoietic cluster cells (HCCs) compared with endothelial cells (ECs). Interestingly, Chd1 is a member of cluster 1, which includes the genes identified by Li et al. as upregulated in HCCs (Fig. S6D) (42) . Further analysis of the gene expression data segregated via the Li et al. subsets revealed a specific loss of HCC-associated genes and a corresponding enrichment of EC-associated genes in Chd1-deficient endothelium (Fig. 5E) .
The lower detection of hematopoiesis genes in mutant CD31
+ endothelial cells could be due to reduced levels of expression per cell or reduced numbers of early hematopoietic cells that are still CD31 + . The latter possibility is more likely, given the lower numbers of CD31 + Ter119 -Kit + CD45 + cells in E10.5 mutants (Fig. 4 D and  E) . Taken together, our results indicate that Chd1 is essential for the establishment of an HSPC-associated transcriptional subprogram in cells emerging from the E10.5 endothelium, potentially by promoting their survival and expansion. This transcriptional subprogram is anticipated to be a useful resource for the discovery of novel markers or regulators of definitive hematopoiesis in future studies.
Chd1-Dependent Elevation in Transcriptional Output in Emerging
HSPCs. We recently found that Chd1 promotes an elevated transcriptional output essential for optimal self-renewal of ES cells and growth of the epiblast (25) . ES cells are known to be in a state of hypertranscription, with a global elevation of transcriptional output per cell (45) . We found that Chd1 −/− ES cells express lower levels of most mRNAs, intergenic transcripts, and ribosomal RNA on a per-cell basis, and that these defects are associated with reduced recruitment of RNA polymerase (Pol) II to active genes (25) . Thus, Chd1 promotes global transcriptional amplification of both mRNAs and rRNA, in a manner similar to that reported for Myc (46, 47) . Interestingly, we noticed that genes validated as Myc targets, as well as ribosomal protein genes, are preferentially down-regulated in Chd1 mutant CD31
+ samples (Fig. 6 A and and Fig. S7 ). These results raised the question of whether the levels of transcriptional output are increased in emerging HSPCs. This is a challenging question to answer, given the rare nature of these cells, and has not to our knowledge been addressed before. We examined the global nascent RNA transcription levels of E11.5 AGM cells by incorporation of 5-ethynyl-uridine (EU), and found that tdTomato + CD31 + Kit -structural endothelial cells maintain a similar RNA transcriptional output as tdTomato -
CD31
-Kit -nonendothelial cells in control AGMs (Fig. 6C) 
+ Kit -cells, P = 0.0134) (Fig. 6 C-E) . Taken together, these results indicate that the differentiation of CD31 + Kit -endothelium to CD31 + Kit + hematopoietic cluster cells and CD45 + blood cells in the E11.5 AGM coincides with an elevation in total nascent transcriptional output, and that this increase is Chd1-dependent.
Chd1 Is Not Required for Blood Development After HSPC Specification. The data above are consistent with a requirement for Chd1 in the transition of endothelial cells into HSPCs. However, it remained possible that the defects observed were due to a role of Chd1 after HSPC specification (Fig. 4A) . To determine whether Chd1 is required for hematopoietic development after the endothelial-to-hematopoietic transition, we deleted Chd1 specifically in hematopoietic cells using Vav-Cre (48). This Cre line is reported to be active in HSPCs and their progeny in the embryo proper as early as E11.5 (49 of Vav-Cre-induced recombination in CD45 + hematopoietic cells of E10.5 whole embryo and E11.5 FL is very high (>95%; examples are shown in Fig. S8 ). In contrast to the deletion of Chd1 within the endothelial compartment, normal Mendelian ratios of live pups were observed at birth upon hematopoieticspecific deletion (Table 1) . Vav-Cre mutant embryos do not display any signs of fetal liver anemia, and the size of mutant E13.5 FLs is comparable to that of littermate controls (Fig. 7A) . Consistent with these observations, Vav-Cre mutant FL cells show no defect in erythroid development in methylcellulose culture assays (CFU-E) (Fig. 7B) . Moreover, an analysis of peripheral blood composition of control and mutant mice at 1 y of age revealed complete recombination of the Chd1 flox allele at the genomic DNA level (Fig. 7C) (Fig. 7D , n = 6 mutants vs. n = 6 CreHets). Taken together, these results indicate that Chd1 is not required for hematopoietic development and homeostasis after HSPC specification.
Discussion
Recent studies traced the origin of the adult hematopoietic system to a small number of hemogenic endothelial cells found associated with midgestational arteries. However, the low percentage of endothelial cells that differentiate into hematopoietic cells and the technical difficulty in isolating these hemogenic clusters result in limited material available for analysis. Consequently, very little is known about how the endothelial-tohematopoietic transition occurs in vivo, and only a few genes or pathways, including Runx1 (7), Gata2 (13), Notch signaling (50) , and the Wnt/β-catenin pathway (35) , have been implicated in this process. Our study documents that Chd1 is the first chromatin remodeler, to our knowledge, shown to be essential for the emergence of HSPCs from the endothelium. We further define the specific temporal window of requirement for Chd1 and identify a transcriptional subprogram associated with HSPCs and cellular growth that is lacking in Chd1 mutants. Finally, we identify an elevation in transcriptional output during the transition of endothelium to hematopoietic progenitors, and this elevation is Chd1-dependent. These results indicate that chromatin remodeling is key to the emergence of HSPCs from the endothelium, and provide insight into the underlying molecular mechanisms.
Intraaortic hematopoietic clusters form in the Chd1 mutant AGM and express Runx1 and Kit, but the mutant clusters show signs of apoptotic cell death and a failure to mature into CD45 + hematopoietic cells. These results place the function of Chd1 downstream of the requirement for Wnt/β-catenin activity (35) and upstream of the activation of CD45. These data indicate that the earliest definitive hematopoietic progenitors form in Chd1 mutants but fail to expand in number and instead are lost by apoptosis. Although Chd1 is not required for subsequent differentiation of HSPCs and steady-state maintenance of the adult hematopoietic system, it remains possible that Chd1 plays a functional role upon acute infection, regeneration, or aging. Note that all cells in the EU incorporation analyses of C-E are also tdTomato + , that is, derived from the Tie2-Cre-marked lineage, with the exception of CD31 -Kit -cells.
Note that Chd1 is not required for baseline levels of transcription to occur, as evidenced by our analysis of transcriptional output in structural endothelium (Fig. 6 ) and the fact that both Chd1 mutant endothelium and Vav-Cre-induced mutant hematopoietic cells develop normally. Our results indicate that Chd1 drives an elevated transcriptional output that is specifically required for survival and expansion of HSPCs emerging from the endothelium. There are about 400-500 Kit + cells in the dorsal aorta at E10.5 (7), and only a subset of these are HSPCs (42, 51) . The fact that HSPCs arise from such a rare fraction of the endothelium and need to rapidly give rise to the entire definitive blood system is expected to generate a high demand for cellular growth pathways, including transcription and translation. Cell doubling times of as low as 8 h have been described for fetal erythroblasts (52) , and there is a decrease of cell-cycle entry in Chd1 mutants in the fetal liver, which is composed largely of erythroblasts (Fig. 2F) . The higher expression of Chd1 in HSPCs (42) and the data demonstrating that Chd1 is required for the up-regulation of HSPC-associated genes, Myc targets, ribosomal protein genes, and overall transcriptional output during the endothelium-to-hematopoietic transition all support the model that cellular growth pathways dependent on Chd1 are key to HSPC survival and expansion (Fig. 8) . Chd1 is required for Myc-driven hyperproliferation in mammary cells (53) , and both Chd1 and Myc promote a globally elevated transcriptional output in ES cells (25, 46, 47) . At the biochemical level, Chd1 removes the promoter-proximal nucleosomal barrier and facilitates the engagement of RNA Pol II with elongation (16) . In addition to enhancing the expression of RNA Pol II genes, Chd1 is also a direct regulator of the output of ribosomal RNA (25) . Of note, deficiencies in ribosomal protein genes can cause anemia and other blood disorders (54) . It is important to keep in mind that the intricate link between the elevated transcriptional output and the proliferative state of HSPCs may involve feed-forward regulation, whereby the machinery that drives an increased proliferation rate signals back to the chromatin to further boost transcriptional output. Moreover, this hypertranscribing, hyperproliferative state may involve competition between the cells and be attenuated upon changes in the signaling environment and/or saturation of supporting niche spots. A dissection of the potential links between transcription, the cell-cycle machinery, and signaling in HSPCs deserves further investigation.
It will be of interest to assess the transcriptional and protein output of HSPCs at the single-cell level. The recent development of tools to enrich for different cellular fractions along the transition between the endothelium and HSPCs (42) , and to perform ChIP sequencing with low numbers of freshly collected embryonic cells (55) , paves the way for the dissection of the chromatin and transcriptional reprogramming events that lead to the emergence of HSPCs. These studies may in turn inform the development of improved methods to generate HSPCs in vivo or expand them ex vivo for applications in regenerative medicine. The regulation of a cell-fate transition by elevation of nascent transcriptional output may represent a novel paradigm applicable to other progenitor cell contexts, given the fact that Chd1 is up-regulated in several stem/progenitor cell populations (22, 23) . Moreover, our results suggest that standard normalization procedures that assume equal transcriptional output across populations may not fully capture transcriptional differences in stem/progenitor cells; rather, approaches that have single-cell resolution or use cellnumber normalization should be carried out.
Materials and Methods
Mice. Tie2-Cre (26), Vav-Cre (48), Ai14 tdTomato reporter (27) , and Chd1 mutant mice (25) have been previously described. These mice were all backcrossed for at least eight generations onto a C57BL/6 genetic background. Care and use of mice were in accordance with the guidelines of the University of California, San Francisco Institutional Animal Care and Use Committee. Conceptuses were generated from timed matings. Detection of the vaginal plug was considered as embryonic day 0.5.
β-Galactosidase Staining. E13.5 embryos were fixed in 4% (mass/vol) paraformaldehyde overnight, followed by serial overnight incubations in 10%, 20%, and 30% (mass/vol) sucrose, and frozen in Tissue-Tek OCT Compound (Sakura Flow Cytometry and Cell Sorting. Whole embryos, FLs, or AGMs were dissected and dissociated to single cells by treating with 1 mg/mL collagenase type IV (Gibco) and 0.8 mg/mL DNase I (Worthington) for 10 min at 37°C. Cells were incubated with fluorescently labeled antibodies for 60 min at 4°C, washed, and analyzed on an LSR II (BD Biosciences) or sorted on a FACSAria II (BD Biosciences). For cell-cycle analyses, dissociated single cells were incubated in 10 μM EdU for 1 h, followed by fixation and EdU detection using a Click-iT EdU Flow Cytometry Kit (Molecular Probes) following the manufacturer's instructions. For total nascent RNA transcription analyses, dissociated single cells were incubated in 1 mM EU for 1 h, followed by fixation and EU detection using a Click-iT RNA Imaging Kit (Molecular Probes) following the manufacturer's protocol for flow cytometry. Data were analyzed using FlowJo software (Tree Star). Antibodies and conjugates are listed in Table S1 .
RNA Isolation and Quantitative RT-PCR. Total RNA was isolated from sorted cells using an Arcturus PicoPure RNA Isolation Kit (Applied Biosystems) or RNeasy Plus Micro Kit (Qiagen). cDNA was generated using a High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems), and qRT-PCR reactions were performed in triplicates using SYBR FAST ABI Prism 2X qPCR Master Mix (Kapa Biosystems) and run on a ViiA 7 Real-Time PCR System (Applied Biosystems). Relative abundance of mRNAs was calculated using ViiA 7 software by normalization to Gapdh, Ubb, and Rpl7 mRNA levels. Primer sequences are listed in Table S2 .
Hematopoietic Progenitor Assays. CFU assays were performed using MethoCult M3434 (Stem Cell Technologies), whereas BFU-E assays were performed using MethoCult M3334 (Stem Cell Technologies). Cells were plated in duplicates in 35-mm culture dishes according to the manufacturer's instructions. Plates were incubated at 37°C in a humidified chamber under 5% CO 2 . Hematopoietic colonies were counted with an inverted microscope at day 3 of culture. OP9-DL1 T-lymphoid differentiation assays were performed as described (56) . Dissected AGMs were dissociated into single-cell suspension before culture with OP9-DL1 cells. Cocultures were passaged every 5-7 d for 5 wk and then harvested for flow cytometry analysis.
Immunofluorescence. E10.5 embryos were fixed in 2% paraformaldehyde solution overnight and frozen in Tissue-Tek OCT Compound (Sakura Finetek; 4583). Cryosections (20-40 μm) were obtained (Thermo Scientific; Microm HM 550) and mounted. Slides were dried for 1 h at room temperature, washed with PBST (0.5% Tween or Triton X-100), and incubated in blocking buffer (PBST, 1% BSA, 5% donkey serum) for 1 h. Primary antibodies were incubated at 4°C overnight or at room temperature for 6 h in blocking buffer. Slides were washed with PBST and incubated with the secondary antibody for 2 h, washed, stained with 2 μg/μL DAPI, and mounted in Vectashield (H-1400) (Vector Labs). Images were captured on a Leica SPE confocal microscope and compiled using Imaris 7.6 (Bitplane) software. Hematopoietic clusters were quantified by analyzing five serial 40-μm cryosections immediately caudal to the forelimb bud in each embryo. Clusters were defined to be groups of four or more DAPI + cells associated with the endothelial layer that stain positive for CD31 and Runx1. Antibodies used are listed in Table S1 .
Microarray Analysis. Whole-genome gene expression analysis was performed on CD31 + tdTomato + cells sorted from four littermate pairs of CreHet and mutant embryos. Total RNA was extracted using an Arcturus PicoPure RNA Isolation Kit (Applied Biosystems), amplified with Ovation PicoSL WTA System V2 (NuGEN), labeled with Encore BiotinIL Module (NuGEN), and hybridized to MouseRef-8 v2.0 Expression BeadChip (Illumina) at the UCLA Neuroscience Genomics Core. Gene expression data were quantile-normalized and sample heterogeneity was assessed in R with the SampleNetwork function (57) . Batch normalization was conducted using ComBat (58) with embryo genotype as a covariate. Statistical testing was performed on log2-transformed data using the Bioconductor (www.bioconductor.org) package linear models for microarray data (limma). Differentially expressed genes were identified by using thresholds of P < 0.01 and log2 fold change >0.4 and are listed in Dataset S1. Microarray data have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE62796. Gene ontology analysis was conducted using DAVID (59) , and the output was fed into Enrichment Map (60) for enrichment analysis using a cutoff of P <0.001, FDR <0.01, and an overlap coefficient of 0.6. Gene set enrichment analysis was performed as described (41) .
Statistical Analyses. All data are presented as mean ± SEM and calculated using Prism 6 software (GraphPad). χ 2 tests were used to test for statistical significance in litter sizes. When comparing mutants to the other three genotypes, statistical significance was assessed using a one-way ANOVA followed by Tukey's multiple comparison tests. Unpaired two-tailed t tests were used when comparing between two categories. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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